Abstract
Introduction
Aircraft arriving to airports in terminal areas have to be organised in arrival streams. To build such streams, the individual paths of each aircraft have to be gradually merged. It results ultimately in sequences of aircraft flying in-trail of each other. Going back to the 80s, a number of studies have investigated the characteristics of such in-trail situations [1] [4] [5] [8] [9] [11] [12] . A large body of work focused on model-based simulations to evaluate the separation maintenance performance from a theoretical perspective, depending on the separation criteria used (e.g. time or distance) and guidance laws, e.g. [5] [6][8] [10] . Further studies relying on cockpit simulators looked at the human factors aspects and in particular at display cues, e.g. [1] [4] . All of the early work only looked at the pure in-trail configurations, while more recent studies have started investigating the merging phase, though only from a pilot performance perspective [7] .
The work presented here aims at adding a theoretical perspective to merging studies. More specifically, it aims at evaluating the impact of different path modelling and level of information on the system performance. A first look at the sensitivity to the initial geometry is proposed. The paper is organised as follows: section 2 provides a description of the problem. The aircraft model, comprising the aircraft dynamics and the autopilot, is introduced in section 3, while the guidance law and the trajectory models used to predict the distance at merging point are described in section 4. Finally, section 5 introduces the experimental set-up and section 6 discusses the results, before the conclusion in the final section.
Problem statement
The focus of the study is the merging part of the sequencing operations, and more specifically the "heading then merge" application. For this applications, the task repartition between controllers and flight crews is defined as follows:
The controller: -gives a heading instruction to create the desired separation to the target aircraft; -indicates the desired separation to be applied.
The pilot: -estimates and reports when the predicted separation at the merging point would reach the desired separation (and to ensure that minimum separation is never infringed), then -resumes navigation to merging point, and then -adjusts speed to maintain the desired separation at the merging point.
The associated procedure is given below (Figure 1 ). In this example, DLH456 is the delegated aircraft, and AFR123 is the target aircraft with 1234 as SSR code. The two aircraft are flying along merging trajectories in descent with compatible speeds. The controller gives a heading instruction to create the separation, and asks the delegated flight crew: to estimate and report when the predicted separation at the merging point reaches the desired separation; to resume navigation to the merging point, and to adjust speed to maintain the desired separation. The proposed phraseology is:
Controller: "DLH456, select target 1234"
Pilot: "Selecting target 1234, DLH456"
After pilot selection and identification on the cockpit displays:
Pilot: "DLH456, target 1234 identified"
Controller: "DLH456, turn left heading 270 then behind target, merge to WPT to be 15NM behind"
Pilot: "Turning left heading 270 then will merge to WPT to be 15NM behind target, DLH456"
Once merging distance is 15NM:
Pilot: "DLH456, merging behind target"
This delegation can be transferred to the next sector. When required, the controller in charge of the delegated situation ends the delegation:
Controller: "DLH456, end delegation, reduce speed to 220 kts"
From the previous example, one limitation should be noted: the target aircraft shall be flying direct to the merging point. Formally in sequences of aircraft, the controller has to wait until an aircraft has resumed to the merging point before using it as a target aircraft. This constraint comes from lack of predictability or knowledge of the planned path of the target aircraft. One possibility to remove such constraint is to anticipate the detection of when a target aircraft has resumed to the merging point or further, to provide with the mean to predict the planned path (by take into account the resuming manoeuvre of its target). The investigation on how to perform this prediction depending on information available is the core of this paper.
Aircraft model
The aircraft model implemented comprises the aircraft dynamics as well as the autopilot functionality. The aircraft model has to be capable of making turns in a realistic way. For that reason the autopilot developed has to be tuned to produce satisfactory responses according to reference data.
Aircraft dynamics
The following general assumptions [13] are made:
Flat, non-rotating earth. This is usually considered to be valid for atmospheric flight at Mach numbers smaller than 3.
Standard atmosphere, no wind.
Constant gravity. This assumption is valid as long as the flight altitude is lower than 50000 ft.
Co-ordinated flight. The side-slip angle is always zero and there will not be any side force.
The aircraft is regarded as a point and dynamics of the movements around its centre of mass can be ignored.
Thrust T is assumed to be aligned with aircraft longitudinal body axis.
Taking into account the above assumptions, the aircraft dynamics can be described by a general point mass model using the following set of differential equations: The angle of attack is assume to be small, α is set to zero.
Merging operations are performed at constant altitude, γ and γ& are set to zero.
Introducing now the energy rate as 
Autopilot modes
To perform the merging operations the flight crew must initially select and hold a heading given by the controller, and then fly direct to the merging point. These two phases determine the autopilot structure.
When selecting and holding a given heading, the error signal results directly from the difference between the current and desired heading.
When flying direct to a reference point, the error signal is obtained by taking the difference between the current heading and the bearing to the reference point.
A simple proportional gain is applied on the error signal, before being fed to the turn rate:
Autopilot tuning
The tuning of the autopilot has be performed using a reference trajectory (from a cockpit simulator), composed of sequence of turns. Figure 2 graphically presents the heading and heading rate evolution with time as the aircraft performs the sequence of turns. No significant deviations to the reference trajectory and no oscillatory tendency can be observed. The aircraft model is considered to be realistic enough for the purpose of this study. 
Guidance law
The guidance law is a navigation function which aims at automating flight crew actions required to guide the aircraft in merging operations. It relies on the autopilot functionality described in the previous section.
A typical merging operation will consist in four successive steps:
Initial trajectory following (typically FMS guidance).
Heading (and merge) instruction given by controller (typically HDG select mode on the autopilot).
Resuming direct to merging point when possible.
After the merging point, trajectory following.
One of the key elements of this study is the detection of when to transition from the heading hold to direct to the merging point. This detection is based on the predicted distance at the merging between ownship and target aircraft. The guidance law will react on this predicted distance as follow:
if it is smaller than the desired separation, aircraft should remain on selected heading; if it is larger than the desired separation, aircraft should resume direct to the merging point.
This predicted distance is estimated as the difference of the two current along track distances to merging point from ownship and target aircraft. The along track distance estimation relies on: a modelling of the future path of the aircraft, and the information available on the planned path of the target aircraft.
Aircraft trajectory models
Two trajectory models are considered: the immediate turn and the immediate bank models.
The immediate turn model assumes that the heading angle change is instantaneous, yielding a corner in the predicted trajectory. Two successive segments thus model the aircraft turn:
1. An initial straight line to the point of turn; 2. A straight line from the point of turn to the merging point.
The immediate bank model assumes that the bank angle change (instead of the heading angle) is instantaneous. Three successive segments model the aircraft turn:
1. An initial straight line to the point where the turn starts;
2. An arc circle modelling the turn, and 3. A straight line from the end of the turn to the merging point.
Although the immediate bank model is intended to be more accurate than the immediate turn model, both are used and compared.
Information levels
Three levels of information on the planned path of the target aircraft are considered:
position;
position and velocity;
position, velocity and planned turning point.
Each level leads to a specific computation of the along track distance, depending also on the trajectory model used.
Position and velocity
With the immediate turn model, the along track distance is simply the Cartesian distance between the aircraft and the point.
With the immediate bank model, the along track distance is the sum of the length of the turn and of the length of the linear segment (Figure 3 ). The circle tangent to the path at the current position (x t , y t ) is selected. Its radius is the aircraft turn radius. Finally the line originating from the merging point and tangent to the circle gives the end of the turn (x f , y f ). Among the up to four possibilities (two circles, and two tangents per circle), the combination yielding to the smallest distance is selected.
The current heading of the target aircraft can be compared to its bearing relative to the merging point. The model assumes that when the difference between the current heading and the relative bearing starts decreasing, the target aircraft has initiated its direct to the merging point.
Position, velocity and turning point
The coordinates of the point where the target aircraft will resume its navigation direct to the merging point, is now available. With the immediate turn model, the trajectories of the two aircraft are composed of two linear segments. The along track distance is the sum of the distances of these two segments. The turning point of the target aircraft is given. For the ownship, the turning point is determined so as to yield to proper separation at the merging point.
With the immediate bank model, the trajectories of the two aircraft are composed of three elements: an initial linear segment, and arc of circle, and final linear segment. The along track distance is the sum of the length of these three elements. The turning point of the target aircraft is given. The geometry path building is for all practical purposes similar to what has been described previously. For the ownship, similarly the turning point is determined so as to yield to proper separation at the merging point.
In both cases, for the ownship an immediate direct manoeuvre results in a lowest separation at the merging point. Delaying such manoeuvre, monotonously increase the separation.
Experiment set-up
The scenarios considered for simulation represent a typical sequencing situation: ten aircraft are converging to a unique merging point in a given sequence order. However, since the required separation at this point has not been established, each aircraft receives a heading instruction to create the separation to its preceding one. Once the separation at the merging point is obtained, each aircraft can resume direct to the merging point. This follows the principle of the example of the "heading then merge" given in section 2.
More precisely, the two scenarios considered are defined as follows:
All the ten aircraft are converging to a merging point.
All aircraft (except the first one) have the same horizontal position (but they are assumed to be separated vertically). Since they have same speed, they reach the merging point at the same time.
A sequence order is defined for the aircraft. Thus, each aircraft (except the first one) has a preceding / target aircraft.
All aircraft (except the first one) receive a "heading then merge" instruction at the same time. To be clearly visible, the instruction is given at t = 100s.
For scenario 1, the heading change is a left turn of 60°. (It is representative of what controllers use when building sequences.) For scenario 2, the heading is alternatively a left turn of 60° for even aircraft, and a right turn of 60° for odd ones.
As the aircraft model is representative of Airbus A320 performances, typical flight conditions have been obtained from performance tables described in [15] . The target aircraft information is updated at a rate of 1 second.
Results
To evaluate the performance of the system, the main aspect considered is the separation obtained at the merging point in terms of time or distance. To better understand the system behaviour, other aspects are also considered such as delay between the manoeuvre of successive aircraft, heading changes and relative separation. The results are summarised in Table 1 to  Table 4 . The following observations can be made.
Scenario 1.
The paths are depicted on Figure 4 . Table  1 and Table 3 show that the distance at the merging point is increasing with the aircraft rank, with a drift of about 3NM for the last one. The two levels of information give the same results. The immediate bank model provides an improvement of 0.6 to 1NM of distance at the merging point. In all cases, the time interval between consecutive aircraft manoeuvring is quite constant, with a small delay with the first aircraft with the immediate turn model.
Scenario 2.
The paths are depicted on Figure 5 . Table  2 and Table 4 show that the distance at the merging point is quite varied, with some distinct alternating high-low value pattern. Significant increasing errors can be observed for the last aircraft. Furthermore, some aircraft actually undershoot the separation, hence creating potential safety hazard. The immediate bank model improves the overall performance in the order of 3NM, though because of the dispersion; it is difficult to relate it directly to the improved modelling of the path. The pattern can also be seen for the time interval between consecutive aircraft manoeuvring. It induces some aircraft to resume direct before their preceding one.
Turn vs. Bank. For the two scenarios, the bank model improves the results, however not as should have been expected from an analytical derivation. For aircraft 2, in scenario 1, the improvement of the model should lead to a difference of about 5NM, instead of 0.6Nm observed. It suggests on one hand that the input parameters do not closely match reality, e.g. turn radius. On the other hand, the guidance law implemented may have corrected some of the roughness of the immediate turn model.
Turning point. For scenario 1, due to the geometry (all aircraft on the same track) it has no impact at all on the results. For scenario 2 however, it clearly shows the benefit of being able to anticipate the path of the preceding aircraft. Indeed, in some cases, aircraft are able to resume earlier and even before their preceding aircraft. In scenario 2, this information is essential to approach the desired distance at the merging point.
Scenario 1 vs. scenario 2.
The results in scenario 1 are in all conditions well behaved and smooth without no undershoot of the desired separation. Scenario 2 leads to wider distribution in the desired separation tracking error, and with safety implications (e.g. losses of separation). From an operational point of view this suggests a much better intrinsic robustness of merging situations when giving heading in same directions.
Conclusion
A series of model-based simulations have been performed to evaluate the impact of different path modelling and level of information on the performance of merging operations. Two very different scenarios of initial conditions were used: they include a sequence of ten aircraft converging to a given point. In one case, aircraft were all put on the same path, while in the other they were distributed alternatively on two paths on each side of the first aircraft path. The immediate bank model marginally improves performances in all cases. The knowledge of the preceding aircraft turning point allows for anticipation. It is not required when aircraft are on the same path, but is needed when paths are diverse. Because of the lack of robustness observed when two sets of paths were used, the operational relevance of such configurations can be questioned. 
